of their applications, including nonfading pigments, [2] color displays, [3] solar cells, [4] catalysts, [1e,5] and filtration membranes. [6] Structural defects, such as cracks, can be detrimental to IO's performance in these applications, as they lead to optical scattering and fluid escape paths. In order to avoid such defects, nature often utilizes soft, typically organic, entities to direct the deposition of inorganic materials. [7] Inspired by this strategy, our group previously introduced a co-assembly method, in which templating colloidal particles and matrix precursor materials are deposited simultaneously from a single assembly mixture to produce defect-free IO films over centimeter scales. [8] Co-assembly mitigates crack formation during the drying process due to the presence of mobile colloidal particles ( Figure S1 , Supporting Information), in contrast to the rigid template for the typical alternative approach, which involves backfilling a pre-formed colloidal template, and which results in high-quality domains of no more than 10-100 µm in each direction. [9] Co-assembly has enabled crack-free IOs out of amorphous materials such as silica. By extending the co-assembly process to crystalline metal oxides, such as titania and alumina, the benefits of long-range order can be combined with inherent materials properties, that is, high refractive index and catalytic activity. Additionally, fundamental questions related to photonic-enhanced photocatalysis [10] and band-edge lasing [11] could be investigated with defect-free IO films. However, the formation of such metal oxide IOs remains a challenge in part due to the amorphous-to-crystalline phase transition and associated crystallization-induced volume shrinkage of solid matrix during the heat treatment, whether purely crystalline precursors, [12] amorphous sol-gel precursors, [13] or a combination of both [14] are used. Metal oxide sol-gel precursors present the additional challenge of high hydrolytic instability. [15] Nature again provides inspiration as we look to expand the scope of IO composition to include crystalline materials. One of the central biomineralization principles is to pre-assemble nanoscale building blocks with controlled surface charge, size, shape, and crystallinity. [7] In particular, the formation of crystalline and amorphous phases that coexist in mineralized tissues is a common, very general biomineralization principle that endows crystalline biomaterials with high order and mechanical stability. [16] By combining amorphous ("soft") Inorganic microstructured materials are ubiquitous in nature. However, their formation in artificial self-assembly systems is challenging as it involves a complex interplay of competing forces during and after assembly. For example, colloidal assembly requires fine-tuning of factors such as the size and surface charge of the particles and electrolyte strength of the solvent to enable successful self-assembly and minimize crack formation. Co-assembly of templating colloidal particles together with a sol-gel matrix precursor material helps to release stresses that accumulate during drying and solidification, as previously shown for the formation of high-quality inverse opal (IO) films out of amorphous silica. Expanding this methodology to crystalline materials would result in microscale architectures with enhanced photonic, electronic, and catalytic properties. This work describes tailoring the crystallinity of metal oxide precursors that enable the formation of highly ordered, large-area (mm 2 ) crack-free titania, zirconia, and alumina IO films. The same bioinspired approach can be applied to other crystalline materials as well as structures beyond IOs.
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Inverse Opals
Nature creates complex microstructures with advanced functionality by controlling the chemistry and morphology of the nanoscale building blocks. In order to achieve high-quality microscale architectures using synthetic self-assembly, the material precursors must also be carefully tailored. One of the most popular natural and synthetic self-assembled materials, opals, are periodic porous structures created through assembly of monodisperse spherical sub-micrometer colloidal particles, which are often used as a template to form inverse opals (IOs). These structures exhibit unique optical, mechanical, and fluidic properties, [1] but a high degree of control over their composition and quality is important for many www.advmat.de www.advancedsciencenews.com and crystalline ("hard") components with optimized ratio and dimensions of the building blocks, nature forms structures with fine features that experience minimal structural changes during densification and phase transitions. [17] This work describes a generalized approach for the coassembly of crack-free metal oxide (titania, zirconia, and alumina) IO films using precursors designed with the same biomineralization principle (Figure 1) . We report that a careful choice of nanocrystalline metal oxide precursors (NCs) containing finely controlled proportions of crystalline and amorphous phases allows this goal to be achieved. As discussed in the Supporting Information and shown in Figures S1-S3 (Supporting Information), the amorphous portion of the NCs mitigates stresses arising during the colloidal assembly process, and the crystalline component minimizes large volume shrinkage arising during calcination-induced phase transitions. Furthermore, we demonstrate the applicability of this method to grow inverse opal films on flexible substrates as well as to incorporate additional functional nanoparticles.
We begin our demonstration with the detailed discussion of the formation of uniform, crack-free titania IOs. A published peptization process [18] provided control over titania NC size, morphology, and their amorphous fraction. The synthesis procedure is based on hydrolysis and polycondensation of titanium alkoxide in the presence of tetramethylammonium hydroxide (TMAH). [18] It has been suggested that TMAH catalyzes a complete hydrolysis of alkoxide groups and provides an organic cation to assist and direct the polycondensation process (nucleation and growth), by stabilizing the intermediate structural units or clusters (see the Supporting Information for more details). [18] Here, a constant amount (41.3 × 10 −3 m) of titanium isopropoxide (TIP) in 2-propanol was added dropwise to a precooled aqueous solution of TMAH; the concentration of TMAH was varied to achieve molar ratios of TIP to TMAH (R TIP/TMAH ) between 0.3 and 2.0. The reaction mixture was then refluxed, cooled, and allowed to age for specific times. The resulting suspended precursors were dried and subsequently characterized by transmission electron microscopy (TEM), Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), thermal gravimetric analysis (TGA), and differential scanning calorimetry (DSC). Both the concentration of TMAH and the aging of the particles were shown to affect the NC size and morphology.
TEM and Raman spectra indicate that titania is present in the anatase phase. TEM images show crystalline particles for all R TIP/TMAH > 0.3; however, both the degree of crystallinity and the NC size depend on TIP/TMAH molar ratio and aging ( Figure S4 , Supporting Information). As shown in Figure 2A -C, the lattice planes have an interplanar distance of 3.5 Å for R TIP/TMAH = 1 and 1.4, corresponding to the (101) planes of the anatase crystal structure. [19] Raman spectroscopy further confirms the presence of the anatase phase ( Figure 2D ), with the primary characteristic anatase E g Raman modes visible at ≈146 cm −1 for R TIP/TMAH > 1.4. NCs with R TIP/TMAH = 0.5 and 1.0 show no anatase Raman peaks despite the TEM results, which we attribute to the presence of a large amount of amorphous titania. In terms of morphology, NCs with R ≤ 1.4 ratio are ≈5 nm in size, with nearly spherical shape. For higher TIP/TMAH ratios, the NCs increase in size (to ≈20-30 nm for R TIP/TMAH = 2) and form elongated fibers ( Figure S5 , Supporting Information). The increase of the crystallite size is further confirmed by the shift in the main E g Raman band frequency, as shown in the inset of Figure 2D , in accordance with the phonon confinement model. [20] Aging time also influences the crystallinity and morphology of the titania NCs, as discussed in more detail in the Supporting Information.
In order to gain insight into the relative amounts of amorphous and crystalline components of the titania NCs, we performed XPS, TGA, and DSC to probe the degree of condensation of Ti(OH) x species in different NCs. XPS measurements were performed on dried NCs of different TIP/TMAH ratios after one month of aging. All studied samples exhibited O:Ti ratio between ≈2.2 and ≈3.5 (well over the stoichiometric value of 2.0 for TiO 2 ), which decreased noticeably for higher TIP/TMAH ratios ( Figure 2E ). Dried samples were also analyzed with TGA and DSC up to 1400 °C ( Figure S6 , Supporting Information). The weight loss at ≈500 °C in the TGA spectra corresponds to polycondensation and crystallization of hydrated titania into the anatase phase, which can be assigned to the first broad exothermic peak on the DSC curve. Comparing the TGA/ DSC data, a clear trend can be observed: the final weight loss decreases for higher TIP/TMAH ratios (lower TMAH concentrations). A quantitative comparison of the amorphous fraction, F, for samples aged for one month, was estimated according to Equation (1) and plotted in Figure 2F 
These results support our hypothesis that higher TIP/TMAH ratios have more titania in the form of anatase crystallites. In addition to TGA and DSC, temperature effects were probed by analyzing the NCs after calcination at 500 °C with Raman and XRD ( Figures S6 and S7, Supporting Information) . The spectral peaks indicate that only the anatase phase of titania is formed in this temperature range. The second exothermic peak on the DSC curve, at ≈1200 °C, was attributed to the phase transformation from anatase to rutile (see the Supporting Information for more discussion).
The quality of the titania IOs co-assembled using the asprepared NC suspension is a function of the NC properties. Depending on the titania NCs' R TIP/TMAH and aging, crack-free titania IO films can form (Figure 3) . For the lowest TIP/TMAH ratios investigated, both the excess of TMAH and lack of crystalline phase result in the crack formation (R TIP/TMAH = 0.3, Figure S8 , Supporting Information). High concentrations of charged molecules such as TMAH can interfere with intercolloidal particle repulsive forces, causing the formation of disordered films or aggregated solutions, such as those seen for R TIP/TMAH = 0.3. For NCs with R TIP/TMAH = 0.5 and above, the lower amount of TMAH produces ordered and crack-free IO films before calcination ( Figure S9 , Supporting Information); however, the short (1 d) NC aging times with the TIP/TMAH ratio of 0.5 yielded cracked IO films, which we attribute to an insufficient amount of crystalline titania. Aging for 7 d significantly improves the quality of the film, leading to crack-free IO films ( Figure 3A ).
Higher ratios (R TIP/TMAH = 1, 1.4, 1.6) give rise to the formation of crack-free IO films for aging times above one month. The low concentration of TMAH does not disrupt the assembly, the presence of amorphous titania helps to accommodate stress during drying, and a sufficient amount of crystalline phase prevents volume shrinkage during the calcination. For NC synthesized from high TIP/TMAH ratios (such as R TIP/TMAH = 2), an increase in crack formation of the resulting IO films was observed for longer aging times. Only a freshly prepared precursor gives rise to the crack-free IO, whereas aging times longer than 1 d produce films exhibiting cracks for these high-R precursors. The cracks are formed during the www.advmat.de www.advancedsciencenews.com co-assembly process ( Figure S9D , Supporting Information), which we attribute to the large size of the titania NC precursors. From this analysis, we conclude that an amorphous fraction, F, between 0.02 and 0.05 is necessary to co-assemble crackfree titania IO films. All films exhibit high order ( Figure 3B) . To examine the effect of high temperature on the structural integrity, titania inverse opal films (synthesized from NC's with R TIP/TMAH = 1, 14 d aging) were calcined at 700 °C. The resulting films retain their spherical pore structure and showed no cracking ( Figure S10 , Supporting Information).
Optical characterization of IOs fabricated using different NCs reveals the formation of either visible cracks ( Figure 3C) or high-quality crack-free films ( Figure 3D ) for representative precursors made with R TIP/TMAH of 0.5 and 1.6, respectively, both with one month aging time. The quality of the film also affects the reflection spectra ( Figure 3E ). The cracks in the sample made from the lower R TIP/TMAH show low-intensity reflection peaks compared to samples made from higher R TIP/TMAH , in addition to less vibrant colors visible in the optical images, as expected based on the cracking seen in SEM. For titania NCs made with R TIP/TMAH = 1.8, a characteristic refractive index of the anatase phase of 2.23 was measured using ellipsometry ( Figure S11 , Supporting Information). As expected, in contrast to silica IO, [8b] titania IOs retain color in liquids upon infiltration ( Figure S12 , Supporting Information) due to the high refractive index of titania, which does not match that of the liquid.
This process of fabricating crack-free metal oxide inverse opal films can be applied to manufacturing various functional materials with highly desired properties and promising applications. For example, formation of titania IOs is particularly relevant for catalysis and electrode applications. [1c,e,5b] Using coassembly, we can also incorporate functional nanoparticles into the IO matrix. [2b,21] For example, by adding negatively charged (citrate-capped) gold nanoparticles (AuNP) to the NC titania precursor, we fabricated highly ordered hybrid inverse opal films with homogeneously distributed AuNP ( Figure 4A,B) . Hybrid metal oxide support/metal nanoparticle systems are used extensively in catalysis, [5b] and titania-AuNP IOs are particularly promising photocatalytic systems. [9a] Furthermore, titania IO films may also find applications in the field of electrochromic (EC) devices, due to significantly faster switching times and enhanced coloration contrasts. [22] Such films are conventionally made by atomic layer deposition (ALD) on transparent substrates, for example, indium tin oxide (ITO)-coated glass. However, the substrate choice is limited by the high temperatures that are typically required to crystallize www.advmat.de www.advancedsciencenews.com the matrix material and remove the templating colloids, preventing the use of inexpensive, lightweight, and flexible substrates. [23] The crystalline character of our NC precursors allows us to avoid the calcination step, instead removing the colloids by dissolution in organic solvent such as toluene. As a demonstration, we fabricated large-area crack-free titania inverse opal films on ITO-coated flexible poly(ethylene terephthalate) (ITO/ PET) substrates (Figure 4C,D) that would otherwise degrade at high temperatures. As shown in the left inset of Figure 4D , titania inverse opal films on ITO/PET substrates retain their integrity while bent, and SEM imaging confirms that the inverse opal structure remains intact after bending ( Figure 4D ).
The TMAH-based peptization process described here can be directly extended to metal oxides beyond titania, and we demonstrate such synthesis for two other practically important materials, zirconia and alumina. Zirconium isopropoxide and aluminum isopropoxide were substituted for titanium isopropoxide in the NC synthesis procedure to make zirconia and alumina NCs, respectively ( in diameter ( Figure 5A,C, insets) . The SEM images show the crack-free quality of the thus-assembled IO films ( Figure 5 ). The composition of the inverse opal films was confirmed using EDS and XRD ( Figures S13 and S14, Supporting Information) .
In summary, crack-free titania, alumina, and zirconia IOs were co-assembled using carefully designed NC precursors. Building on biomineralization principles, where the combination of nanocrystalline and amorphous mineral phases give rise to oriented, high-quality crystals, [16] we design our precursors to contain a mixture of nanocrystalline and amorphous metal oxide phases. Having both components allows the precursor to accommodate stresses during the selfassembly process and to minimize volume changes during phase transitions, leading to high-quality inverse opal films: the crystalline phase suppresses crack formation during calcination, and the hydrated amorphous phase suppresses crack formation during the drying stage. It is noteworthy that neither the assembly of purely crystalline precursor phase [12] nor the use of sol-gel amorphous precursors [13] nor a simple combination of both [14] allows for the formation of such ordered, defect-free crystalline metal oxide films. These crack-free IOs enable or enhance a range of applications, such as photocatalysis [10] and band-edge lasing. [11] We furthermore extended the fabrication procedure to IO films formed on flexible substrates and with additional functional particles (e.g., catalytic nanoparticles). Such crack-free films can be used in model studies in which the effect of the structure can be isolated and decoupled from the interference from defects. We believe that the presented methodology for the formation of NC/amorphous precursors can be broadly applied to other crystalline materials, and to the fabrication of a variety of nanoscale structures.
Experimental Section
Nanocrystal Synthesis: Titania NCs were synthesized by modifying a peptization synthesis procedure from the literature. [18] For each batch, 25% tetramethyl ammonium hydroxide (TMAH; up to 4.6 mL) was added to water (90 mL) in an ice bath. The exact volume of TMAH was adjusted as described in the text to achieve a desired molar ratio of TIP to TMAH (R TIP/TMAH ). TIP (1.1 mL) in isopropanol (15 mL) was added dropwise to the cooled TMAH solution under stirring. After ≈10 min, the flask containing the reaction mixture was submerged in a silicone oil bath heated above 100 °C, and the solution was left under reflux with a condenser for 6 h. During this time, a white gel-like precipitate formed, which slowly dissolved upon reflux. After reflux, the NCs were cooled to room temperature and the resulting suspension was used without further purification, either immediately or after aging for various lengths of time. The same procedure was followed for alumina and zirconia precursors by substituting aluminum isopropoxide and zirconium isopropoxide, respectively, for TIP using the same molar ratios.
Inverse Opal Assembly: IOs were made using a modified co-assembly procedure described previously. [8a] Briefly, the assembly solution consisted of acrylic-acid-capped polystyrene (PS) spheres, prepared following a literature procedure, [24] that were diluted to 0.1 wt% and mixed with the as-synthesized titania, alumina, or zirconia NCs (40 µL per mL of the assembly solution. When used, 100 µL of citratecapped AuNP were added per mL of the assembly solution. A silicon wafer or glass slide was used as substrate, which underwent plasma cleaning prior to use. For the samples grown on ITO/PET, the ITOcoated plastic substrates were first cleaned for 3 min in an ultrasonic bath in acetone, ethanol, and deionized water, successively, then dried, and finally plasma-treated for 1 min. The substrate was vertically submerged into the assembly solution in a vial and placed in a 65 °C oven undisturbed for two days for the co-assembly process to occur. Typically, the samples next underwent calcination at 500 °C for 2 h to sinter the matrix and remove the PS template. For samples grown on ITO/PET, the PS colloids were removed by dissolution in toluene.
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